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ABSTRACT Successful gene therapy requires not only 
the identification of an appropriate therapeutic gene for 
treatment of the disease, but also a delivery system by 
which that gene can be delivered to the desired cell type 
both efficiently and accurately. Reductions in accuracy 
will inevitably also reduce efficiency since fewer particles 
will be available for delivery to the correct cells if many 
are sequestered into nontarget cells. In addition, the ther- 
apy will have net benefit to the patient only if gene deliv 
cry is sufficiently restricted such that normal cells are left 
unaffected by any detrimental affects of bystander cell 
transduction. Hera we review how currently available 
delivery systems, both plasmid and viral, can be manipu- 
lated to improve their targeting to specific cell types. Cur- 
rently, targeting is achieved by engineering of the surface 
components of viruses and liposomes to achieve discrimi- 
nation at the level of target cell recognition and/or by in- 
corporating transcriptional elements into plasmid or 
viral genomes such that »ae therapeutic gene is expressed 
only in certain target cell types. In addition, we discuss 
emerging vectors and suggest how gene therapy delivery 
systems of the future will be eotuposltes of the best fea- 
tures of diverse vectors already in use. — Miller, N., Vile, 
R, Targeted vectors for gene therapy. FASEB J. 9, 
190-199 (1995) 
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lUi identification of the under lying genetic defects has 
recently made gene therapy an attractive treatment option 
for a wide variety of diseases* However, there is a cor- 
responding requirement to produce vector systems that can 
deliver therapeutic genes to the appropriate target ceils 
either in vivo or ex vivo. These systems must be both efficient 
and accurate. The range of different diseases amenable to in* 
tervtntion by gene therapy means, however, that no single 
delivery system is likely to be universally appropriate. For in- 
stance, the requirements of gene therapy for cystic fibrosis 
are greatly different from those of cancer. In the former case, 
only a certain proportion of a localized population of cells 
needs to be targeted with a single corrective gene; by con- 
tran, cancer gene therapy usually involves the targeting of all 
of a diffusely spread population of cells, with the ultimate 
aim of killing rather than correcting them. Hence, the strin- 
gency with which the therapeutic gene needs to be accurately 
delivered can vary greatly Expression of a copy of the cystic 
fibrosis transporter gene in nontarget cells is likely to be 
much less toxic than in ad vert ant expression of cytotoxic 
genes, aimed at cancer cells, but expi essed in normal bystander 
cells. 

Here, we review the progress in targeting gene delivery 
systems to specific target cell populati ns and look forward 
to the areas of research that will bring developments for the 
future. Unfortunately, improvements in the accuracy of a 



vector often compromise its efficiency, and vice versa. 
Nonetheless, it is clear that the technology now exists to in- 
corporate specific targeting features into most of the cur- 
rently available delivery systems. These may be at the level 
of/) target cell surface recognition, by manipulating the sur- 
face recognition components of viruses and liposomes; or 2) 
target cell transcriptional restrictions, by incorporating tran- 
scriptional elements into plasmid or viral genomes such that 
the therapeutic gene is expressed only in certain target cell types. 

The ultimate aim for the vectors of the future is to include 
these and other targeting opportunities within the same vehi- 
cle. In all probability, this will involve the incorporati ft of 
the most beneficial features of a variety of viral and nonviral 
systems into a single hybrid vector specifically cMStom built 
for each individual therapeutic situation. 

TARGETING OF GENE THERAPY VECTORS AT THE 
LEVEL OF THE CELL SURFACE 

Retroviral vectors 

A primary determinant of retrovirus inactivity is the inter- 
action between specific receptors on the host cell surface and 
glycoproteins (Env) on the lipid envelope of the retroviral 
particle. Ideally, targeted retroviral vectors for human gene 
therapy would use safe recombinant genome.* and packaging 
lines from wild-type retroviruses that naturally display enve- 
lope proteins with the required tropisms. However, few 
naturally occurring retroviral infections are strictly limited 
to one cell type (1), and of the known receptors for 
retroviruses, only the HIV-1/SIV receptor CD-4 (2) is of rela- 
tively restricted distribution. Attempts have been made to 
produce vectors and packaging lines from HIV (3). 
However, HIV is a complex retrovirus that requires a num- 
ber of self-encoded autoregulatory proteins, and this compli- 
cates the construction of stable packaging lines. Neverthe- 
less, the principle of a recombinant HIV genome as a gene 
vector for CD4* cells has been demonstrated (3). However, 
vectors carrying HIV-1 env sequences would have to be used 
with extreme caution as the HIV-Env protein itself may be 
neurotoxic (4) or even immunosuppressive. 

Most recombinant retroviral vectors and packaging lines 
produced so far have been based on murine leukemia viruses 
(MLVs) 1 (5). There are five recognized MLV groups (1) as 
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defined by tropism, of which the most useful Tor gene deliv- 
ery purposes have been the ecotropic strain (MLV-E), which 
infects virtually all rodent cells, and the amphotropic strain 
(MLV-A), which infects practically all mammalian cells. 
Packaging lines have therefore been created to allow produc- 
tion of retroviral vectors with host ranges that are either 
ecotropic or amphotropic, respectively (5). It is likely that all 
retroviral vectors suitable for human gene therapy in the 
near future will be based on inch recombinant MLV ge- 
nomes because they are well characterized with regard to 
safety and efficiency. For targeted retroviral veciors, then, the 
problem is either to restrict the promiscuous tropism of am- 
photropic particles or to confer upon ecotropic particles a 
limited human cell affinity. This could be done either by: I) 
genetic manipulation of the producer line such that ampho- 
or ecotropic Env is replaced by a different viral or nonviral 
protein having the required affinity; 2) directly engineering 
a particular affinity into Env; or 3) molecular conjugate ap- 
proaches, in which ligands are coupled to the outside of the 
retroviral particle. 

Replacement of Env: retroviral pseudotypes 

The facility (5) with which trans- and ctf -acting functions can 
be separated in MLV packaging lines allows easy experimen- 
tal manipulation of the /raw-acting function responsible for 
cellular tropism, namely, Env. This raises the possibility of 
replacing one viral env with that of another, thereby creating 
a hybrid producer line that generates "pseudotyped" viral 
vectors with a tropism conferred by the replacement env (Fig. 
1). Phenotypic mixing has been used for many years as a tool 
to study receptor interactions (see ref 1 for a review); 
however, efforts have recently been directed at precisely 
replacing env and producing not envelope mixtures but vec- 
tor populations exclusively displaying a novel tropism (1, 6). 
Such hybrid formation in general seems to occur more 



efficiently between closely related viruses. For instance, a 
recombinant MoMLV genome can be rescued by Otype 
viruses but not by HTLV-I r D-type viruses (7). However, 
provision of h m logous or more closely related Gag pro* 
teins in some cases relaxes phenotypic restrictions cm 
efficient pseudotyping of vector genomes with exogenous 
Env; for instance, an MoMLV vector can be packaged inside 
HTLV-1 (8) envelopes when MoMLV gag-pol are supplied in 
trans. Similarly, HIV has been given an extended host ceO 
range by pseudotyping with the unrelated viruses HSV and 
VSV (9). Although these examples demonstrate the principle 
of creating an improved retroviral vector for human gene 
therapy by pseudotyping, so far they have produced only 
vectors with extended tropism rather than with restricted 
specificities. 

The logical and necessary extension of pseudotyping ap- 
proaches, then is to replace retroviral envelope genes with 
genes derived from nonviral sources. Although there are in- 
stances of nonviral glycoproteins being preferentially incor- 
porated into retiwira! particles, such as Thy-1 (10) and CD4 
(11), actual infection of target cells, as opposed to specific 
binding, via display of such nonviral proteins has not been 
demonstrated, and is likely to require either fusogenic se- 
quences within the foreign protein itself or coexpression of 
fusogenic molecules on the viral envelope. 

Engineering Env 

Genetic manipulations whereby sequences conferring 
specific binding affinities are engineered into preexisting 
viral env genes represent a promising approach. In MoMLV 
the sequences that determine receptor specificity seem t be 
in the most distal of the two variable regions within the 
amino- terminal portion of the SU Env subunit, and replace- 
ment of the variable region of one strain with that of an ther 
can, for instance, change viral tropism from that of strain 
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Figure 1. Generation of retroviral vectors wuh novel trupisms by construction of hybrid packaging lines. Transfection of a cell with genes 
(gag-pol, env) that encode viral /raw-ncting functions allows expression of all the structural components of the virion by that cell; these com- 
ponents can recognize and package the recombinant retroviral genome (shown here bounded by long terminal repeats (LTRs) and carry- 
ing a therapeutic gene x). Here we represent diagrammatically the various classes of retroviral pseudotypes that have been produced by 
providing various env genes in trans; this illustrates the principle of alteration of retroviral vector tropism by pseudotyping. 
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4O70A to that of 10A1 (12). Engineering of murine retroviral 
Env proteins it being actively investigated (17-14) and is an 
important area f research. However, receptor recognition 
may involve complex interactions between the cellular ligand 
and different parts of the viral Env, and modification of viral 
tropism by direct replacement of receptor-binding sequences 
will not be straightforward. The function of Env proteins is 
not simply to adhett to host cells but also to participate in 
a sequence of events leading to mem brant fusion. Excessive 
alteration of Env structure might therefore jeopardize the ex- 
posure of hydrophobic domains required for fusion and cor- 
rect viral internalization. Nevertheless, a mammalian cell 
tropism has been conferred on an avian retrovirus by en- 
gineering integrin-binding sequences into Env. !t was found 
that two of the variable regions of ALV Env could be 
manipulated by exchanging m sequences with chose encod- 
ing a 16-amino acid RGD-containing peptide to produce 
Env proteins that were processed and incorporated into 
retroviral particles (15). Such hybrid envelopes could still 
efficiently mediate infection of avian cells through the ALV 
receptor, and could also infect and transfer neomycin 
resistance to mammalian (ALV- refractory) cells that ex- 
pressed RGD-recognizing integrins. Infection was not 
efficient and required previous deglycosylat ion of the virus to 
expose RGD epitopes, but it is an important demonstration 
of the principle of targeting retroviral vectors by envelope 
modification. 

In other studies, the RSV host range has been broadened 
to include human cells by packaging the genome with a chi- 
meric Env that was a fusion of the RSV signal peptide and 
the influenza virus hemagglutinin (16). Chimeric Env was 
found to be incorporated into the virions as efficiently as 
wild-type RSV Env. It may be possible to use influenza 
hemagglutinins to direct retroviral vectors to subsets of cells 
exhibiting particular glycosylate phenotypes as the various 
influenza strains possess different hemagglutinins with 
different precise specificities* Another candidate protein for 
restriction of tropism is the B19 parvovirus surface protein, 
the surface receptor for which has recently been character- 
ised (17) as the tetrasacchartde of gioboside (blood group P 
antigen), which has a very limited tissue distribution. The 
BI9 surface protein may be susceptible to fine-tuning of sac- 
charide specificity by recombinant techniques or site-directed 
mutagenesis, similar to the influenza hemagglutinin (18). 

The possibility of targeting retroviral vectors to particular 
glycosylate phenotypes may be of special interest for 
cancer therapy, as many transformed cells show altered 
glycosylate Whether or not arty aberrantly expressed gly- 
cans can mediate viral entry is another question; a recent 
report indicates that retroviruses targeted to cells via lectin 
cross-linking cannot infect the cells after binding (19), but 
this could be a function of the lectin or of structural altera- 
tions caused by cross-linking rather than a function of the 
glycan receptor. 

The demonstrable ability (1$) to alter RSV tropism from 
avian to human cells by manipulation of envelope structure 
could be of great interest for cancer therapy. This is because 
the vast number of target cells in malignant disease suggests 
that either the immune system must be recruited or that a 
replicating vector be used to target all the tumor cells, and 
K2>V is a replicating vector par excellence. Besides its own 
genome, this virus is known to carry a cell-derived oncogene- 
rep aceinent of this with a therapeutic cDNA would give a 
replication-competent gene therapy vector. 

Encouraging results have been reported using a similar 
approach, in which a cDNA encoding an mAb fragment 



capable of hapten recognition was fused to the <*p gene of 
MoMLV (18). Coexpressi n of this gene with the normal 
envelope in an ecotropic packaging line resulted in infective 
viral particles that possessed the appropriate hapten-bindmg 
activity. It should be noted that the packaging line was ex- 
pressing and required parental ecotropic Env as well as the 
chimeric protein, so it remains to be seen if infective 
retroviral particles can be assembled that contain only 
hapten-displaying Env (20). This approach has yet to be 
demonstrated using a hapten directed against a relevant hu- 
man antigen capable of mediating virus internalization, and 
is still far from in vivo application. 

Targeting by retrovirus-tigand conj> gius 

Hepatocytes possess a unique recoptor that internalizes 
asialoglycoprotcins. Conjugation of lactose to ecotropic viral 
panicles allowed them to be recognized as asialoglycoproteins 
and broadened their host range to include human hepatoma 
cells (21). However, this approach is limited first to cells that 
express the asialoglycoprotein receptor, and second t 
proliferating cells (because retroviruses depend on host cell 
mitosis in order to integrate). As normal liver cells have a 
very low turnover rate, this technique is most likely t be f 
use for in vivo deliver)' to malignant liver disease f the 
hepatocyte lineage. Furthermore, because the vector was 
based on an ecotropic virus, its tropism in humans would be 
limited entirely to hepatocytes, greatly ino-easing its safety 
compared with broad affinity vectors such as those bearing 
the 4070A or GALV envelope proteins. 

In a more indirect approach, it was found that ecotropic 
MoMLV vectors bound to human hepatoma cells after being 
cross-linked to the transferrin receptor by a series of antibod- 
ies; however, there was no subsequent proviral integration, 
suggesting either that the cross-linking antibodies were in- 
hibiting membrane fusion or that the transferrin receptor 
cannot mediate appropriate viral internalization (22). A 
similar cross-linked mAb technique has been used to target 
ecotropic retroviral particles to human cells in vitro by 
means of the streptavidin-biotin reaction (23)^This allowed 
ecotropic virus to bind to cells expressing human class I or 
II MHC antigens and to become internalized and in- 
tegrated. An extension of this technique (19) showed that bi- 
otinylated ECF or insulin could substitute for the anticellu- 
lar receptor antibody, and that EGF and insulin receptors 
could mediate internalization, leading to integration, f 
retroviral particles bearing streptavidin-conjugated antibod- 
ies. The possibility of targeting retroviral vectors by means 
other than murine antibodies, which suffer from numerous 
disadvantages in vivo, sujozests that this approach mav have 
potential although its in vivo applicability has yet "to be 
demonstrated. 

Adenoviral vectors 



Adenoviruses are double-stranded DNA viruses in which the 
viral genomic DNA is contained in a virally encoded protein 
coat (capsid) rather than a phospholipid bilayer of host cell 
origin. The capsid consists of three major types of subunit: 
the hexon, which makes up the bulk of the coat; the penton 
base; and the penton fiber. The fiber is attached to the capsid 
via the penton base and projects outward; base and fiber 
together are known as the penton complex. During infection, 
the fiber mediates initial binding of the virus t an 
unidentified cellular receptor and the penton base subse- 
quently mediates virus internalization via interactions with 
ovtype integrins (24). Thus, the penton complex is respon- 
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sible for binding and internalization, and therefore for viral 
troplim at the li.vel of cell recognltl n. Although adenoviral 
diseases are usually associated in vivo with respirat ry 
epithelium r the GI tract, their cellular receptors seem to be 
widely distributed (25). CI arly then, as with retroviruses, 
the problem is to limit viral tropism to a particular subset of 
tissues. The adenoviral proteins responsible for attachment 
and internalization, respectively; have been- well character- 
ized, giving two points at which to manipulate tropism. The 
most promising approach is to restrict adenovirus infection 
at the cell-binding stage by replacing the carboxyl- terminus 
knob of the fiber with a ligand conferring a particular 
tropism, for instance, with an antibody hapten. One report 
(26) describes the restriction of adenovirus type 5 tropism by 
a different kind of fiber modification where intact virions 
were chemically modified so that their fiber carbohydrate 
groups were covaJently linked to an asialoglycoproteir- 
polylysine conjugate. Such modified virus was found to have 
much decreased infectivity to aslaJoglycoprotein receptor- 
negative cells while retaining infectivity to receptor-positive 
cells. This approach would be equally applicable to targeting 
adenoviral vectors per se. It may alto be possible to restrict 
infection by replacing the RGD-con taming domain of the 
penton base with sequences having affinity for a ligand other 
than RGO-recognizing integrins. 

Adenoviral vectors can also be targeted via the route of ad- 
ministration (27); targeting of a focZ-expressing adenoviral 
vector to the kidney by renal artery or pyelic cavity infusion 
resulted in 0-gaI activity in various renal cells with no detec- 
table expression in liver, lung, or bladder cells (27). 

A possible advantage of refinement of vector targeting to 
the point of absolute specificity might be the ability to use 
replicating vectors for gene therapy. For cancer, development 
of a replicating adenoviral vector, perhaps carrying a 
cytokine or suicide gene, targeted to cancer cells at the level 
of cell binding (via fiber/base manipulations) and at the level 
of transcription (see next section) might allow transduction 
of the large number of malignant cells in a tumor deposit; 
cell death due to adenovirally induced lysis may even poten- 
tiate the field effect of cytokines. A safety feature of such a 
system would be that the immune system would be expected 
to eventually clear such therapeutic infections (as it does for 
wild-type infections); therefore this potential therapy only 
awaits adequate targeting strategies. 

Liposome vectors 

Most work on targeted liposomes has been designed to 
deliver cytotoxic drugs to cancer cells and has been reviewed 
recently (28). Expression of a cDNA in the target cells makes 
greater demands on the vector system in that it must not 
only target the appropriate cell type but also allow efficient 
delivery of undegraded DNA to the nucleus. For most tar- 
geted gene delivery purposes, conventional liposomes are 
limited because of their selective uptake by cells of the 
reticuloendothelial system (RES), in particular by macro- 
phages resident in liver, spleen, and bone marrow, because 
of their limited extent of extravasation. Where macrophages 
themselves are the target, however, RES affinity is advanta- 
geous. In L donovani leishmaniasis parasites not only multi- 
ply in the KupnVr cells of the liver, but are also resident in 
a vacuole to which lysosomes fuse, so that liposomes are pas- 
sively targeted not only to the parasitised cell but also to the 
appropriate organelle, making lipos me-mediated delivery 
of transcriptionally targeted antisense r suicide genes to 
these parasites a real possibility. It is also possible in a few 
casss to avoid much of the RES by the particular route of ap- 



plication, particularly where the target tissue is found in a 
discrete anatomical compartment; e.g., nontargeted lipo- 
somes could be applied directly to the bladder for treatment 
of carcinoma or to the lung for treatment of cystic fibrosis or 
aAT deficiency. Targeting by compartment has allowed 
confined transduction of discrete sections of arterial wall us- 
ing both liposomal and retroviral vectors (29). 

In most cases, however, in vivo use of liposomes requires 
first avoiding the RES, and second, display of appropriate 
tropic and fusogenic molecules (Fig. 2). Uptake by the RES 
can be considerably delayed, but not altogether avoided, by 
the use of "stealth" liposomes that display negatively charged 
moieties such as the ganglioside GM1 and polyethylene 
glycol (PEG) (28). For most systemic purposes, the stealth 
formula is probably essential. 

Liposomes bearing aai immunoglobulin complement finv 
munoliposomes") can exhibit tropisms conferred by the dis- 
played antibody. Hence, coupling to liposomes of an anti- 
body against glioma cells increased the efficiency of gene 
delivery to these cells in culture by about sevenfold (30). Just 
as mAbs may be conjugated to liposomes to confer targeting 
capability, so may other ligand 3 such as growth factors and 
hormones. Coupling of transferrin to liposomes followed by 
i.v. injection in a rabbit model resulted in significantly 
greater localization to bone marrow erythroblasts (31), and 
incorporation of surfactant protein A into liposomes in- 
creased the uptake of the liposome cargo by alveolar type II 
cells (32). However, it is not sufficient merely to confer upon 
the vector a particular binding ability; the particle must bind 
to a ligand that also allows fusion of liposome and cell mem- 
branes. Such consideration*, of appropriate internalization f 
vector cargo are especially important for gene delivery vec- 
tors, where the DNA must not only reach the appropriate 
cell type but also must reach the nucleus in undegraded form. 

Conjugating virions to liposomes or incorporating viral 
surface glycoproteins into liposomes might create a vect r 
that has the efficient cell attachment and -entry mechanisms 
of a virus but not the safety drawbacks; much work has been 
done in this area with Sendai virus in particular (33). 
Another system used liposomes that displayed only the fuso- 
genic protein of Sendai virus (F-protein) and not the cell- 
binding protein (hemagglutinin) (34). However, although 




Figure 2. Modification of lipid membranes to produce targeted 
liposomes. Targeting of liposomes requires first abrogation of their 
RES affinity, and second, provision *tth exposed ligands having the 
required targeting capacity. Inclusion of ganglioside glvcolipids into 
the lipid formulation can allow RES evasion; other lipid formula- 
tions include cat ionic lipids to allow promiscuous membrane bind- 
ing and hence lysosome escape, and pH-sensitive lipids, which al- 
low lysosome escape without the broad affinity conferred by cafionic 
lipids. Various types of ligand can be inserted into the lipid mem- 
brane for provision of particular tropisms (see text for details). 
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such approaches can make lip somes up to 10-fold more 
efficient than lipofectt n at gene delivery (33), in terms of 
targeting all it can do is c nfer upon the liposome the 
tropism f the virus, and there are very few native viral 
receptors that exhibit a narrow and precise cell type 
specificity. Nevertheless, a promising system (35) is currently 
being developed In which respiratory epithelium is targeted 
by means of the surface proteins of respiratory syncytial vi- 
rus (ReSV), which is responsible for infections of the lower 
respiratory tract. Liposome-type envelopes were constructed 
that displayed both the attachment and fusion proteins of 
ReSV, and these have been shown to enter all cells of a cul- 
tured respiratory epithelial eel! line within 1 h (35). 

Cationic liposomes such as the commercially produced 
lipofectin can efficiently avoid the lysosomal pathway be- 
cause the particular lipid composition allows direct fusion of 
liposome and cell membranes. These particles are therefore 
much more efficient than conventional liposomes, and for in 
vitro transduction have largely replaced them. Cationic lipo- 
somes have also been used for in vivo approaches and even 
clinical trials; however, there seem to be no data on the ex- 
tent to which these liposomes tan avoid the RES, and indeed 
the cationic surface would seem to be incompatible with the 
negative charges characteristic of the stealth formulation. 
One report suggests that the cationic liposome has as much 
affinity for other cell types as for the RES after i.v. injection 
(36). Administration of liposomes carrying SV40-CAT 
resulted in widespread expression of the marker gene for up 
to 9 wk, albeit mainly in tissues generally associated with the 
RES such as spleen, liver, lymph nodes, and bone marrow 
as well as in vascular endothelium. CAT expression was also 
observed in tumor cells in this experiment, probably as a 



consequence of leaky tumor vasculature It may eventually 
be possible to combine the efficient lysosomal avoidance of 
cationic liposomes with a specific targeting capacity, 
although the problem is likely to be that the generally fuso* 
genic nature of cationic liposomes may preclude any pre- 
cisely restricted targeting. 

Molecular conjugate vectors 

Targeting of plasmid DNA may be achieved by coupling the 
DNA to a ligand with a demonstrated cell or tissue affinity. 
This is usually brought about by covalently linking a polyca- 
tion such as polylysine to the ligand; the polycation can then 
bind to and condense plasmid DNA via electrostatic interac* 
tions, leaving the ligand exposed on the surface of the con- 
jugate (37). The ligands chosen must be efficiently endocy* 
toscd in the target ceils so that DNA is efficiently internalized. 
One of the first receptors to be used in this way was the 
asialoglycoprolcin receptor, whose expression is limited to 
hepatocytes; this receptor binds glycoproteins with terminal 
galactose residues for removal from the circulati n; 
asialoorosomucoid ( ASOR) is a major natural ligand for this 
receptor. BSA has been given specificity for the ASOR 
receptor by artificial galaetosylation, and has been used to 
target CAT and human factor IX cDNAs (38) to hepatoma 
cells in vitro and to liver but not other tissues in vivo. Other 
ligands that have been used in similar conjugates include in- 
sulin (39), EGF (40), lectins (41), and transferrin (37). A 
major drawback of classical molecular conjugate vectors is 
that internalization depends on receptor-mediated endocyto* 
sis, a process that directs the receptor complex to lysos mes 
where it is degraded; only a small fraction of introduced 
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DNA escapes this pathway and enters the nucleus, leading to 
low efficiency of transduction. 

A new generation f molecular conjugate vectors has been 
produced that has the capacity to escape the degradativ- 
lysosomal pathway by utilising features of the adenovirus 
capsid (Fig. 3). Adenovirus disrupts endosomes during cell 
entry as a consequence of a conformational change in the 
capsid proteins* resulting in membrane breakdown, trig- 
gered by a drop in pH. Hence, molecular conjugate vectors 
delivered DNA io cells with greatly iiicretmcd efficiency 
when transfection was done in the presence of adenovirus. 
However, this effect relies on both virus and vector being 
present in the same endosome 16 improve efficiency, the 
adenovirus has been coupled directly to the molecular con- 
jugate (37). However, adenovirus receptors are virtually 
ubiquitous and so the coupling of an adenovirus receptor to 
a targeted molecular conjugate would be expected to par- 
tially or completely abrogate any preferential tropism con- 
ferred by the ligand. Blocking the interaction of fiber with 
adenovirus receptor by mAb to the fiber resulted (42) in a 
vector that was both targeted to a specific subset of cells and 
able to escape the lysosomal pathway, A more satisfactory ap- 
proach would be to create recombinant adenoviral vectors 
(hat display dysfunctional fiber proteins in order to bypass 
the antibody-coating step. 

Few in vivo experiments haw* been attempted using 
adenovirus-molecular conjugate complexes, and in fact it is 
unlikely that such vectors will be routinely applicable to in 
vivo work, although they are likely to be of use for ex vivo 
strategies (43). This is a consequence first of the size of the 
complex (transferrin-polycation conjugates are approxi- 
mately 100 nm in diameter (44): complexed with AdV they 
would be even larger), which will prohibit extensive extrava- 
sation or tissue penetration, and second, of the likelihood of 
direct immunogenicity of the AdV proteins (45), 

TARGETING OF GENE THERAPY VECTORS AT THE 
GENETIC LEVEL 

Transcriptional targeting 

Therapeutic cDNAs may be limited in expression to a partic- 
ular subset of cells by placing them under the control of 
regulatory clcmeitu that pus*** binding ailes for tissue- 
restricted positive or negative /raw-acting factors (Fig. 4). 
Correctly regulated expression may require, in addition to .V 
promoter sequences, distant elements either 5* or 3' to the 
coding region; these elements act together with the promoter 
and allow tissue-specific expression at appropriate levels in- 
dependent of position of integration. Such locus control 
regions (LCRs) have been identified for a number of genes. 
LCRs would be of much use for gene augmentation but the 
transfer of such large sections of DNA to target cells will be 
problematic, particularly in vivo, and in fact for the foreseea- 
ble future may be confined to cx vivo strategics. Where a 
monogenic defect results in pathology in more than one tis- 
sue, the most pragmatic approach to appropriately limit the 
expression of therapeutic cDNA is to use the cellular 
promuter/enhanccr elements native to the defective gene. 
Furthermore, the use ol cellular rather than viral promoters 
reduces the chance of loss of cDNA expression due to inacti- 
vation of viral sequences by methylation or other mechan- 
isms (46). Thus, cellular promoters may confer benefits both 
of long-term expression and f tissue- restricted expression, 
and where vector- targeting at the cell-binding level has not 
been achieved it may represent the only way of limiting ex- 
pression of exogenous cDNA. 




Figure 4. Tissue-rest rieted transcription. A promiscuously binding 
vector can be targeted at the transcriptional level if the therapeutic 
gene (x) is controlled by 5' regulatory dementi (shown here as a 
shaded region upstream of x) active only in the presence of tissue- 
specific nuclear transcription factors; thus expression of x occurs 
only in the tar£f( cells. 



Tissue-specific cellular regulatory elements have great 
potential for development of safe, targeted vectors for gene 
therapy. For example, the creatine kinase promoter has been 
used in a plasmid vector to restrict dystrophin cDNA expres- 
sion to skeletal and cardiac muscle, and in the mdx mouse 
model of Duchenne muscular dystrophy, mice transgenic for 
this promotcr-cDNA construct were found to exhibit correc- 
tion of dystrophic symptoms (47). A potential approach to 
the treatment of B cell lymphoma involves expression of sui- 
cide genes transcriptionally regulated by promoter/enhancers 
from the Ig heavy chain or the * light chain genes; expres- 
sion plasmids containing the diphtheria toxin A (DT-A) gene 
controlled by these regulatory elements mediated significant 
expression of DT-A in B lymphoid cells but not in HeLa cells 
or fibroblasts (48). 

Endothelial cells are attractive recipients for gene transfer 
therapies not only for obvious purposes such as targeting of 
tumor vasculature or therapy of cardiovascular disease, but 
also fur the systemic secretion of therapeutic factors. An en- 
dothelial cell-specific legulatory region has recently been 
characterized (49) as 500 bp of 5* sequences, associated with 
the gene for von WillebrancTs factor, acting in conjunction 
with an essential region in the first intron. This promoter 
could be particularly useful when driving a suicide gene in 
a retroviral vector as it would then be targeted to dividing 
endothelial cells, U\, almost exclusively tumor vasculature. 

Tissue -specific cellular promoters frequently retain their 
specificity in the context of a retroviral vector (50); however, 
this *is not always the case, and the design of the retroviraJ 
vector may have significant effects on tissue specificity due to 
promoter interference (51). Tissue-specific promoters have 
also been shown to appropriately restrict cDNA expression 
in the context or recombinant adenoviruses, e.g., the rat al- 
bumin promoter maintained its hepatoma cell specificity in 
vitro (52), albeit at low levels. 

Antiviral therapy using transcriptional 
targeting 

Transcriptional targeting may be of particular use in the 
therapy of particular kinds of viral infection. In cases where 
the viral life cycle depends on self-encoded autoregulatory 
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proteins, vectors can be made in which therapeutic cDNAs 
are transcriptionally regulated by these same viral proteins. 
Transcription f the therapeutic cDNA is therefore limited to 
cells that are infected by the vims, and thus such an ap- 
proach could be either prophylactic or curative. This 
strategy has been applied to experimental HIV therapies. 
One recent report (53) described the construction of a 
recombinant retrovirus containing HSVTK driven by the 
HIV- 2 LTR-TAR; cells expressing thU construct became sus- 
ceptible to ganciclovir after infection by HIV-2 in vitro. 

Targeting proliferating cells 

Murine C-type retroviral vectors can combine the ability to 
express cDNA from an internal tissue-specific promoter with 
an innate tropism for proliferating tissue. Therefore, they 
have great potential as vectors for the gene therapy of -ancer, 
because restricted cDNA expression is of particular impor- 
tance in strategies that involve delivery of cytokine or suicide 
genes and malignancies are often distinguished by rapid di- 
vision in a relatively quiescent background. Indeed, in a very 
few cases the retroviral requirement for cell division may be 
sufficient in itself to target the thcraoy (Fig, 3); wh^re 
tumors arise in the CNS their high rate of proliferation in the 
context of a completely postmitotic tissue, in an anatomical 
compartment that is separated from the rest of the body, al- 
lows efficient targeting with retroviral vectors (54). As an ad- 
ditional targeting feature for malignancies of the CNS, the 
glial-specific promoter region of the mouse myelin basic pro- 
tein gene has been used to drive HSVTK in a retroviral vec- 
tor (55); this approach could allow long-term administration 
of producer cells at the primary site or systemic vector appli- 




Figure 5. Targeting proliferating cells. Retroviral vectors require 
cell division for integration and gene expression; therefore where a 
tumor arises in a completely postmitotic background, such as the 
CNS, the proliferation of the malignant tissue may be sufficient in 
itself to allow efficiently targeted delivery of suicide genes via 
recombinant retroviruses. Actively replicating (tumor) cells are 
represented by diagonal lines; quiescent neuron tissue is represented 
by dots. 
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cation to treat metastatic deposits as collateral infection of 
nonglial cells would not result in expression of the suicide gene 

Retroviral vect rs would also be useful in targeting liver 
malignancies, as the liver is also slowly proliferative under 
normal circumstances. Tissue-specific pr meters would be 
essential for such strategies, because unlike the CNS, the 
liver is not efficiently insulated from the rest of the body. Am* 
photropic retroviral vectors have been constructed carrying 
HSVTK cDNA driven either by the albumin or the a- 
fetoprotein promoters (56). The albumin promoter was ac- 
tive only in cells of the liver lineage; the a-fetoproteirt 
promoter conferred an extra level of targeting in that it was 
hepatoma-specific as opposed to hepatoeyte-specific (a- 
fetoprotein is normally expressed only in fetal tissues). 

The 5* region of the tyrosinase gene has also been used to 
restrict expression of therapeutic cDNA* to melanocytes and 
melanoma cells both in vitro and in vivo by means of 
retroviral vectors (51, 57). This kind of transcriptional target* 
ing may be useful in VDEPT approaches for melanoma be- 
cause normal melanocytes are dispersed and of low density 
in body tissues, and their ablation is likely to be minimally 
pathological. Even better would be the usurpation of tumor* 
specific transcriptional regulation by using promoter se- 
quences from genes whose over-expression is limited to trans- 
formed tissue. One such candidate is the oncogene ERBB2, 
which is overexpressed in a variety of tumors. The ERBB2 
promoter sequences have been used to drive eytosine 
deaminase cDNA in a retroviral vector (58); this strategy 
conferred sensitivity to ERBB2-overproductng cells but n t 
to control cells, and represents a potentially widely applica- 
ble method of tumor-prefercnti?! transcriptional targeting. 
The a-fetoprotein promoter is in effect completely tumor- 
specific, but is applicable only to malignancies of the liver. 

Exploitation of natural viral tropisms 

An obvious approach to the precise targeting of tissues is to 
make vectors from viruses that have preferential patterns f 
transcription in target tissues, such as HSV vectors for ner- 
vous tissue. However, careful dissection of the genomes of 
these viruses will be necessary to separate pathogenic se- 
quences from those that confer transcriptional specificity; in 
most cases it will be preferable to use cellular promoters in 
the vector of choice, especially as the range of transcription- 
ally targeted vira* genomes is not great. 

There may be one remarkable exception to the general re- 
quirement for cellular promoters rather than viral promoters 
in gene therapy, namely, the use of autonomous parvoviral 
sequences for targeting transformed cells (see ref 59 f r 
review). These viruses preferentially kill transformed cells 
(60), and coinjection of mouse minute virus (MVM) and 
Ehrlich ascites tumor cells into the peritoneal cavities of mice 
inhibited tumor formation by up to 90%. Furthermore, mice 
that had survived one such coinjection were resistant to a se- 
cond tumor challenge 5-6 wk later. The precise basis of par- 
vovirus oncotropism is not understood but may be related to 
an effect of the transformed cell environment on the produc- 
tion or activity of parvovirus autorejulatory proteins. The 
parvovirus promoter that is preferentially transactivated in 
certain transformed cells is clearly a candidate to control 
transcription of suicide or cytokine genes in parvovirus vec- 
tors lor cancer therapies. Recombinant parvovirus vectors 
have been made and shown to both transfer exogen us 
cDNA expression to recipient cells and retain their on- 
cotropism in vitro (61) for human and murine cells. Recom- 
binant parvoviruses may therefore represent one of the m st 
promising approaches to cancer therapies for the future. 
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Targeted integration! slte-ipeciAc recombination 

Nonintegratin^ vectors are adequate f r tranrent expression 
f cDNA. Where the bject ii a lone-shot" treatment for cure 
fa genetic disorder, it is necessary t use either an integrat- 
ing vector or a stably replicating cxtrachromosomal element. 
For the future, sequences containing mammalian origins of 
replication or even entire mammalian artificial chromosomes 
(62) could have great potential especially for ex vivo ap- 
proaches. Similarly, vectors bated on the Epstein-Barr virus, 
which is stably maintained episomally as a plasmid in hu- 
man cells, may one day be suitable for clinical use. 

The ideal approach would be to target the exogenous 
DNA to the mutant gene, i.e., gene replacement rather than 
gene augmentation. Such gene targeting approaches may be 
of use for ex vivo strategies to stably transduce cells with less 
likelihood of simultaneous transformation (63). Such in vitro 
homologous recombination may be useful in inactivating 
genes responsibjc for MHC class I expression in myoblasts 
to create a universal carrier cell that can be transplanted 
regardless of the recipient HLA type (63). This approach is 
applicable to any ex vivo strategy that requires implantation 
of viable transduced but otherwise unchanged cells. The 
technology required to accomplish this at levels of efficiency 
relevant to in vivo gene transfer does not yet exist and so in- 
tegrating gene therapy vectors at present can offer only gene 
augmentation. 

Nontargetcd integration could be hazardous if completely 
random, not only by turning on downstream oncogenes via 
promoter readthrough but also by direct disruption of genes, 
and this is the main source of concern with regard to the use 
of retroviral vectors in humans. Vectors with the capacity for 
site-specific integration would overcome these problems. 
Adeno-associated virus is a defective parvovirus that poten- 
tially is widely applicable in gene transfer strategies because 
it is tropic for many cell types, nonpathogenic in humans (in 
the absence of helper virus the AAV genome does not repli- 
cate but integrates into the genome and assumes a state of 
latency), and can be manipulated to derive recombinant ge- 
nomes capable of vectoring exogenous DNA (64). Although 
these vectors can package only up to 4.5 kb as compared with 
the retrovirus limit of approximately 7 kb, they are said to 
have one major advantage over other integrating vectors, 
namely, a propensity (which is far from total) for apparently 
harmless integration into a region of human chromosome 19 
known as AAVSI (see review, ref 65). Where such specific in- 
tegration occurs, it is almost certainly mediated by virally 
encoded proteins with affinity both for the target site and for 
the virus genome (66). Although integrated viral sequences 
remain dormant until superinfection by AdV/HSV, ex- 
ogenous cDNAi driven by internal promoters can still be ac- 

t TO' furthcrmorc * lhc tranicri P tion *J inactivity of the viral 
ITR means that there will be no promoter interference lead- 
ing to, for example, loss of tissue specificity of exogenous 
promoter, and less chance of insertion^ mutagenesis for the 
same reason). Thus AAV vectors have been shown to confer 
neomycin resistance and in some cases to integrate with site 
specificity (64). This study also showed that AAV vectors 
preserved their site specificity after transfection in plasmid 
form; the use of a transferable plasmid rather than a viral 
vector might overcome the packaging limitations of AAV 
vectors (64) ft must be said, however, that some groups 
report that recombinant AAV vectors show site specificity in 
nly a relatively inin r proportion of the t taJ number of in- 
tegration events. There have been several attempts to explore 

l niSl e ? pe ^ lic P° tcntial f AAV ^0". eg., the delivery of 
cUNA for the correction of the cystic fibrosis defects (67) 



There may be ther vect r systems also capable of site* 
specific integration. Eukaryotic genomes harbor large num- 
bers of endogenous transposable elements f various types 
(68), i.e., autonom usly replicating units that can insert 
themselves into the host genome. Some of these elements, 
known as LTR retrotransposons, are very similar t 
retroviruses both in replication cycle and in organitati n, be- 
ing bound by LTRs and possessing coding regions with ho* 
rnology to retroviral gag-pol genes. The replicative cycle of 
LTR retrotransposons exactly parallels that of the 
retroviruses except that there is no envelope stage, thus, 
cytoplasmic virus-like particles (69) are formed containing 
reverse transcriptase, the RNA form of the retrotransposon, 
and cellular tRNA primers for reverse transcription. Such 
elements include copia, yeast TV, and the intracisternal A par- 
ticle of mice; clearly they have great potential as vect rs f 
improved safety as their use with retroviral packaging lines 
would be less likely to result in helper virus production 
through homologous recombination. Indeed a mouse 
retrotransposon VL30 has already been made into a gene 
transfer vector (70), which can be produced in a standard 
retroviral packaging line. Endogenous retrotranspos ns a 
priori would be expected, through coevolution with the h st 
gtnome, to display a degree of site specificity of integration 
as continuous random retroiransposition would be deleteri- 
ous to the cell. Yeast retrotransposons ofTer the best examples 
of site-specific retrotransposons, and moreover, their site of 
integration appears to be benign. Two of the five Sacchamrnees 
cerevuiae retrotransposons, Tyl and 7fy$, exhibit unambigu- 
ous site specificity of integration (71), Ty3 elements integrate 
into sites upstream of genes transcribed by RNA pot III, fre- 
quently within 1-4 nucleotides of the start site of transcrip- 
tion. It has been suggested that this sequence-independent 
site specificity is brought about by interaction of the 
retrotransposon with elements involved in RNA pol Ill- 
mediated transcription, e.g., TFIIIB (71). Similarly, Tyi 
preferentially integrates upstream of tRNA genes (71) 57% 
of insertions occurring within 400 bp of a tRNA gene. A con- 
sequence of this specificity is that yeast genes are only rarely 
interrupted by Tyl insertions as regions upstream of yeast 
tRNA genes rarely contain open reading frames (71). The 
great similarity of LTR retrotransposons to retroviruses al- 
lows them to be made into vectors with conventional retrovi- 
rus packaging lines (70); possibly the development of a pack- 
aging line that provides retrotransposon rather than 
retroviral gag-pot in trans will allow the production of vectors 
with integrational site specificity. 

SUMMARY AND PERSPECTIVES 



Of the gene therapy protocols that have so far entered clini- 
cal trials, targeting of the appropriate vectors has been 
achieved largely only by indirect means. Thus, several such 
trials (for example, for treatment of ADA deficiency, HIV in- 
fection, or cancer) have used specific cell populations that 
have been removed from the patient and infected in vitro by 
nontargeied amphotropic retroviruses before being returned 
in vivo. Further levels of targeting have been achieved in 
some cases by careful choice of the patient's cells; for in- 
stance, ex vivo transduction of tumor infiltrating lympho- 
cytes wirh potentially tnmnricidal genes has been proposed 
as a means of delivering their products to tumor deposits at 
much higher concentrations than would therwise be possible. 

In contrast to ex vivo manipulation f target cells where 
the vector requires very little, if any, intrinsic targeting capa- 
bility, there are an increasing number of prot cols in which 
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Figure 6. A theoretical composite vector Some features that might 
be incorporated in an ideal synthetic vector include a stable, non im- 
munogenic envelope, probably lipid (a); exposed ligunds tu confer 
a particular affinity on the vector (6); moieties that encourage fusion 
between vector and target cell membranes (f); proteins to allow 
directed integration of vector DNA, e.g., site-specific recombinases 
(<r); sequences to enable homologous recombination between vector 
DNA and particular loci of the target genome (r); tissue-specific 
promoter regions to allow restricted expression of the therapeutic 
gene {f)\ and the therapeutic cDNA {g). 



recombinant genes arc delivered directly to patients in vivo 
(such as for the treatment of cystic fibrosis and cancer). Once 
again, targeting at the level of the vector has not yet been 
particularly well develope d; h ence, liposome or viral- 
mediated delivery of the CFTR gene to airway epithelial 
cells or CF patients has relied largely on the localized deliv- 
ery of the vectors directly to the affected tissues, and on the 
fact that there is good evidence that inadvertant expression 
of the CFTR gene in cells other than the target epithelial 
cells may have few adverse effects. Localized delivery has 
also been used in the treatment of brain tumor deposits, us- 
ing stereotactic injection of retroviral producer cells, but 
with the added sophistication that the retroviruses would be 
expected to infect only the actively dividing tumor cells and 
not the surrounding neural tissue. 

However, for the long-term success as well as the 
widespread applicability of human gene therapy, there wilt 
have to be advances in the ability with which clinicians can 
confidently administer recombinant vectors for the treat- 
ment of genetic disease directly to affected tissues in vivo. For 
this to occur, many targeting strategies outlined in this 
review, which are currently only at the experimental level, 
will have to be translated into components of safe and highly 
efficient delivery systems. Vectors have already been deve- 
loped that incorporate transcriptional specificity for a certain 
tissue type; however, the development of surface targeting 
has been more problematic in most cases. The biggest 
challenge for the next 5 years will be to combine targeting 
with efficiency in the production of the vector systems of the 
future. So far, attainment of one usually compromises the 
other, for example, we have constructed retroviral vectors 
targeted at the level of transcription to melanoma cells but 
these viruses are generally of lower titer than their nontar- 
geted counterparts. 



Nonetheless, the imagination and the technology is cur- 
rently available to allow us to hope that vectors will eventu- 
^ ally be constricted that can include both efficiency and 
1 specificity. In particular, it does not seem unrealistic to sup- 
< pose that the gene therapy vectors of the future will not be 
based exclusively on any single virus or physical vector sys- 
tem alone but v/ill be synthetic, custom-designed vehicles 
(Fig. 6) into which specific targeting features can be in- 
cluded depending on the particular clinical requirements f 
the target disease and tissue. |?J) 

We would like to thank Professor Bob Williamson for influential 
discussions. 
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Prevention of Autoimmune Disease by Retroviral-Mediated 
Gene Therapy 1 



Barbara A. Ally/ Teresa S. Hawley/ Kim J. McKall-Faienza,* Thomas M. KCindig,* 
Stephan U. Oehen,* Hanspeter Pircher,* Robert G. Hawley,* and Pamela S. Ohashl 2 * 

T lymphocytes hav* been Implicated In * variety of autoimmune diseases, and therefore one potential therapeutic approach 
would be to tolerlze the pathof eftk Hlf^actlve T cells. In this study, we examined whether retroviral gene therapy could be 
used to Induce tolerance and preveikk autoimmunity using a transgenic mouse model for experimentally Induced diabetes. In this 
model, the lymphocytic choriomeningitis virus (LCMV) glycoprotein (gp) is expressed on the 0-islet cells of the pancreas under 
the control of the rat insulin promoter (RIP). Previous work showed that the T cells specific for the gp remain unaware of the 
transgenic gp Ag express*! by tM Met cells, and Infection with LCMV leads to immune-mediated diabetes. To tolerire the 
gfwpecific pathogenic T cells, a retroviral vector (RV) expressing the LCMV gp was constructed, RV-gp. Replication-defective 
recombinant retroviruses were iMd to transduce bone marrow cells, which were subsequently Infused Into host RIP-gp trans* 
genie animals. Unlike control animal*, RV-gp chimeric animals did not possess T cells specific for the gp Ag as measured by 
proliferation and cytotoxic function, ahd further analysts suggested that tolerance of the gp-speclfic self-reactive T cells oc- 
curred by clonal deletion. Further experiments demonstrated that chimeric RIP-q> transgenic animals generated using bone 
marrow transduced with RV-gp did not develop experimentally Induced diabetes. Our animal model demonstrates that retro- 
viral gene therapy may cure immune-mediated diabetes by providing long lasting Ag-specific tolerance. The Journal of 
Immunology, 1995, 155: 5404-5408. 



Autoimmune disease is often mediated by T cells that 
have not received tolerogenic signals to sequestered self 
Ags ( l , 2). Several natural animal models of experimen- 
tally induced and spontaneous autoimmunity, as well as transgenic 
models, have been studied to farther Understand how these T cells 
escape self-tolerance mechanisms and become activated to induce 
immunopathologic destruction (3-10), An ideal approach to treat- 
ing autoimmune disease would be to manipulate the T cell reper- 
toire of the host so that auto-Ag-speclftc tolerance can be induced. 
In the past, retroviral vectors (RVs) hive been used to attempt to 
eliminate superantigen or aJloreactive T cells (11, 12). Another 
possible goal would be to tolerize T cells of defined specificity and 
eliminate autoimmune disease in a defined model. 

Gene therapy has been considered an approach for treating a 
broad spectrum of genetic disorders and cancer, as well as cardio- 
vascular disease and AIDS (13-15). Delivery of the gene may be 
accomplished by several techniques, however the majority of stud- 
ies have employed RVs for gene transfer. Replication-incompetent 
retroviruses may be generated at high titers that can efficiently 
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transduce a variety of cell types ex vivo, before adoptive transfer 
in vivo (16-19). 

In this study, we examined whether bone marrow coctiltured 
with retroviruses expressing a defined self Ag could generate spe- 
cific T cell tolerance in reconstituted chimeric animals. Two basic 
mechanisms of T cell tolerance have been defined, clonal deletion 
and clonal inactivation (20). Several studies have shown that T cell 
tolerance may be readily induced against determinants expressed 
by bone marrow-derived cells (21-23). We therefore attempted to 
determine whether bone marrow cells that were genetically mod- 
ified by retroviral gene delivery were sufficient to induce tolerance 
against a specific autoantigen and ultimately prevent experimen- 
tally induced diabetes. 

We have previously described a transgenic mouse model, 
RIP-gp 3 that expresses the lymphocytic choriomeningitis vims gp 
(LCMV-gp) on the 0-islet cells of the pancreas. LCMV-gp-spc- 
cific T cells in these mice are not tolerant to the LCMV-gp ex* 
pressed on the pancreas, and on activation by infection with 
LCMV, the gp-specific T cells infiltrate and destroy the islets, 
leading to diabetes (5, 24). To tolerfce the gp-specific T cells, we 
generated a RV that expresses LCMV-gp (RV-gp). The following 
studies were done with chimeric animals that were made using 
bone marrow transduced with recombinant retroviruses. Experi- 
ments addressed whether LCMV-gp-specific T cell tolerance could 
be induced, and whether immune-mediated diabetes could be pre- 
vented in our animal model. 

Materials and Methods 

Mice 

RIP-gp (Bin line) (5) and TCR (327 line) (25) transgenic lines were bred 
and typed as previously described (24), in specific pathogen-free conditions 
according to institutional guidelines. RIP-gp animals were generated in the 



3 Abbreviations used In this paper: RIP; rat insulin promoter, gp; glycoprotein, 
LCMV; lymphocytic choriomeningitis virus, RV; retroviral vector. 
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C57BI/6J strain, while the TCR line hu been backcro$ied six times with 
C57B1/6J mice. Donor C57BI/6J animals were purchased from The Jack- 
son Laboratory (Bar Harbor. ME). 

Retroviral vectors 

RV-gp was generated by cloning the 1.6-kb BmH\ LCMV-gp cDNA into 
the BgM site of the MSCV RV described previously (19). This vector 
includes variant long terminal repeat* and t mutated 3' untranslated region 
for efficient expression in hematopoietic Cell*. The region includes 
sequences necessary to generate high vifil titer of replication defective 
retroviruses. The original MSCV vector was used as u control. RV-neo. 

Northern blot analysis 

RNA was extracted from cell lines using uSe guanidlne isothtocyanate 
method (26). Ten micrograms of total RNA were run on a \% formalde- 
hyde gel and transferred to a nitrocellulose filter. The positive control sam- 
ple contained 0.5 u.g of RNA from LCMV-lnfected cells with 10 u.g of 
carrier RNA from uninfected National Institutes of Health (NIH) 3T3 cells. 
Filters were prehybridixed in 50% deioAltfcd formimide, 5X SSPE, 0.5% 
SDS, 5X Denhardt's solution, and 1 mg/rnl ialrtton sperm DNA for 4 h. 
M P-labeled LCMV-gp specific probe wt^gfciertted (Muhiprime labeling 
kit; Amersham. Bucks, UK), and I X 10* com/ml was added to the pre- 
hybrWitation mix for 20 h at 42 d C. Filters Were washed and exposed to 
Kodak XAR-5 film (Eastman Kodak. Rochester, NY) for 18 h. 

Generation of chimeric animals 

Eight-week-old female C57B1M1 or TCR transgenic mice were used as 
bone marrow donors. Mice were Injected With 150 mg/kg 5-fluorouracH 
and 4 days later, the bone marrow was harvested. After erythrocyte lysis in 

0. 17 M ammonium chloride, cells were cultured at 5 x I0 5 cells/ml In 
Iscove's modified Dulbecco's medium (TMDM) supplemented with 50 jiM 
2-ME. 10% heat-inactivated PCS (HyClone, Logan, Utah), supplemented 
with IL-3 and IL-6 conditioned media as previously described (27). After 
48 h. bone marrow cells were cocultlvated with a subconfluent monolayer 
of fibroblasts producing appropriate replication defective retroviral parti- 
cles in the same conditioned media, which Included 8 u.g/ml potybrene. 
After a further 48 h, nonaderent bone marrow cells were harvested, cen- 
trifuged. and resuspended in the presence of 0.73 mg/ml 0418 (Life Tech- 
nologies, Inc., Orand Island, NY). Cells Were harvested after 24 h and 5 x 
10 5 to 2 x 10* ceils were infused into Irradiated recipients (900 rads) by 

1. v. tail vein administration. Host animals Were reconstituted for 10 wk to 
5 mo before further experiments were done. 

Cytotoxic assays 

MC57G fibroblast target ceils (H-2 h ) were either infected with LCMV or 
recombinant vaccinia viruses expressing the LCMV-gp or LCMV-np and 
labeled with 5 'chromium Tor 2 h. Target celts (I x 10*) were incubated 
with spleen effector T cells from C57B1/5 mice infected in vivo 8 days 
before the assay, at various ratios in a final volume of 200 /il IMDM and 
10% PCS. The cells were incubated In 96»WelI round-bottom plates for 4 
to 5 h at 37°C. and 70 pi of the supernatant was removed and counted. 
Percent specific release was calculated as (cpm experimental release - 
spontaneous release )/( total release - spontaneous release) x 100. 

Proliferation assay 

Single cell suspensions were made from the spleen, and I x I0 5 cells were 
cocultured with 2 x 10* stimulator cells In 96- we 1 1 flat-bottom plates. The 
peritoneal macrophages from LCMV-lnfected or uninfected mice that were 
used as stimulator cells were obtained from mice given an i.p. injection of 
2 ml thioglycollate f> days before the assay. Celts were incubated for 48 h 
in IMDM plus 10% PCS, 2 x I0~ 5 M 2-ME, tlutamine and penicillin, and 
streptomycin (100 U/mt). and then 1 pC\ of ( r Hlthymidine (NEN, Boston, 
MA) was added to each welt. After 16 h. the cells were harvested and 
counted on a Matrix 96 direct 0-counter (Canberra Packard, Men den, CT). 

Induction of diabetes 

Mice were given un i.v. infusion of 2000 plaque-forming units LCMV 
(Armstrong). Blood glucose levels were monitored regularly, and quanti- 
tated using a Rcflolux III (Boehringer Mannheim, Laval, QC). 

Detection of retroviral DNA in chimeric animals 

Tissues from various organs were homogenlted in PBS and incubated with 
0.2 jig/ml proteinase K (Sigma Chemical Co., St. Louis, MO) for 2 h at 
37°C. Samples were extracted with phenol Chloroform several times and 
then preciptiated. DNA (0.5 M-g) was amplified using neomycin-specific 



primers (CCXK3TOCCXTCAATOAACTOC) (CAATATCACOOOTAOC 
CAACQ) for 30 cycles. Ten microliters were elec u o plto re se d on a I % agarose 
gel and transferred to nitrocellulose (Schleicher & Schuell, Keene, NH). A 
neomycin-specific probe (3 x 10* cpm/ml). generated by random priming 
(Amersham MuMprime labeling kit), was added to a hybridization solution 
(5X SSC. 5X Denhardt's solution, 0.1% SDS. and 10% dextran sulfate) and 
incubated overnight at 65°C. After two washes in 2X SSC. 0.1% SDS, and 
0.2X SSC 0.1% SDS. autoradiographs were developed after a 2-h exposure. 

Results 

To determine whether retroviral gene therapy could be used to 
alter the T cell repertoire and tolerize pathogenic T cells, a RV was 
constructed to express the model autoantigen LCMV-gp. The 
LCMV-gp cDNA was cloned in the BrM site of MSCV (RV-gp) 
(Fig. M). Vector DNA was transfected into a packaging cell line 
that provides the necessary proteins in trims for production of re- 
combinant RV-gp as infectious replication-defective viral particles 
(28). Cell lines were selected that were capable of exporting re- 
combinant RV-gp retrovirus at high titers (10 5 CFU/ml). Control 
cell lines were also established that produce a high titer of the 
MSCV vector (RV-neo). 

To determine whether the recombinant retrovirus expresstd 
LCMV-gp, NIH 3T3 cells were infected with RV-gp or RV-neo, 
and G4 1 8-resi stant cell lines were established. Northern blot anal- 
ysis, using a probe specific for LCMV-gp, indicated that LCMV-gp 
mRNA was present only in cell lines infected with LCMV or RV-gp 
(Fig. U B and Q. 

We examined whether RV-gp could induce tolerance of LCMV- 
gp-specific T cells by several criteria Assays were done to deter- 
mine whether functional LCMV-gp-specific CTL were detectable 
in chimeric animals. RV-gp or RV-neo transduced bone marrow 
was used to reconstitute irradiated RIP-gp mice (27, 29). These 
mice and control C57BL/6 mice were infected with LCMV and 8 
days later, the spleen cells were assayed for cytotoxic function 
(Fig. 2). LCMV-gp-specific CTLs were not detected in chimeric 
mice receiving bone marrow transduced with RV-gp, whereas an 
efficient LCMV-gp-specific cytotoxic response was seen in control 
animals. Effector cells from all mice lysed target cells infected 
with LCMV or target cells expressing LCMV nucteoprotein (np), 
but did not lysc fibroblasts infected with the control vaccinia virus. 
This assay shows that a functional LCMV cytotoxic response is 
generated in chimeric animals treated with RV-gp due to the rec- 
ognition of other viral epitopes such as the np. The fact that a 
cytotoxic response against the LCMV-gp was absent, demonstrates 
that T cell tolerance is highly specific and does not compromise the 
host repertoire against other foreign determinants. 

To examine the mechanism of tolerance, we used TCR trans- 
genic mice expressing the Vor2/V/58.l TCR specific for the 
LCMV-gp presented in the context of H-2D b (25). Bone marrow 
from TCR transgenic mice was transduced with either RV-gp or 
RV-neo and infused into irradiated C57BL/6 mice. The thymus 
and lymph nodes were analyzed 10-1 2 wk later for the presence of 
the transgenic TCR using mAbs specific for the Vo or VjS-chains. 
Mature CD8 * thymocytes from RV-neo control animals expressed 
the transgenic TCR, whereas CD8**" thymocytes from RV-gp an- 
imals did not show any detectable T cells expressing the transgenic 
a/3 heterodimer (data not shown). Figure 3A indicates that Va2* 
CD8 + and V|38* CD8* lymph node T cells were present in cW« 
meric mice that were reconstituted with RV-neo transduced bone 
marrow, whereas less than 1% of peripheral T cells were detected 
in mice that were reconstituted with RV-gp transduced bone mar- 
row. However, in mice reconstituted with RV-gp-treated bone 
marrow, a significant population of Vor2 and/or V08.I T cells was 
present that did not express the CD8 coreceptor. This demonstrates 
that the TCR transgenic bone marrow partially reconstituted the 
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FIGURE 1. Expression of LCMV-fip In fibro- 
blasts transduced with RV-gp. A, Structure of RV- 
gp. Arrows indicate long terminal repeals And 
photphoglycereie kinase (pgk) pfomoWN utilized 
for expression of (he ICMV-gp cONA and the neo 
gene, respectively. SD, splice donor ftlte; SA, 
splice acceptor site; $ 4 , extended paeia&lng re* 
gion for high viral titer. B, Cp*speclflc UNA Is de- 
tected by Northern analysis. Total RNA froth NIH 
3T3 cells transduced with RV-gp or ftV*rt*0, un- 
infected NIH 3T3 cells, and LCMV-lrtffec«d NIH 
3T3 cells were hybridized with an LCMV*ge>*pe~ 
clfic probe, c, RNA gel stained with ethicUum bro- 
mide confirmed that equal amounts of RNA w^ere 
loaded in each lane. 
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FIGURE 2. LCMV-gp-specific tolerance occurs in chimeric animals 
reconstituted with bone marrow transduced with RV-gp. Absence of 
LCMV-gp specific cytotoxic T cells Ih RVigp chimeric mice. RIP-gp 
mice reconstituted with RV-neb (circle*) and RV-gp (triangles) trans- 
duced bone marrow and control C5?0Ut» mice (squares) were infected 
with LCMV. Spleen cells were assayed lor eytoionlc function In a standard 
chromium Mease assay with LCMWrttecied fibroblasts (MC57C), fibro- 
blasts Infected with a vaccinia recombinant virus that expresses LCMV- 
gp, or a vaccinia recombinant virus thai expresses LCMV-np. Less than 
5% specific lysis was detected using targets Infected with control vaccinia 
virus alone (data nor shown). 



peripheral T cell repertoire, but a noteable absence of transgenic 
CD8 + T cells was observed. 

Spleen cells from chimeric animals reconstituted with TCR 
transgenic bone marrow TCR (RV-gp) and TCR (RV-neo) were 
also used in a proliferation assay. LCMV-gp-specific proliferative 
responses remained undetectable in animals reconstituted with 
TCR (RV-gp), whereas LCMV«specMc proliferation was found 
using T cells from control TCR transgenic mice and control TCR 
(RV-neo) chimeric mice (Fig. 3fl), Taken together, these studies 
demonstrated that LCMV-gp-speciflc tolerance is induced primar- 
ily by clonal deletion in animals reconstituted with RV-gp trans- 
duced bone marrow. 



To examine whether the retrovirus was detectable in RV-neo 
and RV-gp chimeric mice, DNA was extracted from various tis- 
sues. PCR analysis was done using neomycin-specific primers, and 
Southern blot analysis of amplified DNA using a ncomyctn-spe- 
cific probe demonstrated that the retroviral DNA was present in the 
bone marrow, thymus, spleen, and lymph nodes from chimeric 
mice (Fig. 4). Retroviral DNA was consistently detected in pri- 
mary and secondary lymphoid organs of several RV-gp and RV- 
neo chimeric mice that had been reconstituted with RV-gp and 
RV-neo transduced bone marrow for 10 wk to 5 mo. 

The most important question* however, was whether retrovfraJ- 
medioted gene therapy could prevent autoimmunity in vivo* RV*gp 
and RV-neo transduced donor bone marrow were used to recon* 
stitute transgenic RIP-gp host animals. Chimeric animals and con- 
trol RFP-gp were infected with LCMV and the glucose levels were 
monitored. RIP-gp animals became hyperglycemic within 10 days 
after infection with LCMV as previously reported (5). Similarly, 
all RIP-gp (RV-neo) chimeric mice (676) developed overt hyper- 
glycemia, while none of the RIP-gp (RV-gp) chimeric animals 
(0/14) developed hyperglycemia (Fig. 5 and Table I). Therefore, 
using this in vivo system, autoimmunity may be prevented by ret- 
ro viral-mediated therapy. 

Discussion 

Several approaches have been taken to control T cell-mediated 
autoimmune diseases (30). Using animal models, treatment with 
ami-CD3 (31), anti-CD4, or anti-CD8 mAbs (24, 32, 33) have 
abrogated disease. The current clinical approach is to control the 
pathogenic T cells by using immunomodulatory drugs. However, 
these treatments are accompanied by other side effects as well as 
general immunosuppression, and therefore an arjproach that hi dl* 
rected specifically against the pathogenic T cells would be desirable. 

Many studies have demonstrated that the induction of T cell 
tolerance specific for the target self Ag have resulted in the prevention 
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FIGURE 3. A, ICMV-gp-speclflc T c«tf« are absent in the peripheral 
T cell repertoire. Two-parameter flow cytometry with either mAbs 
820.1 (Va2) or KJ16 (V08.1, B.2) and COB were used to detect trans- 
genic TCR specific for LCMV-gp pressed Irt the context of H-2D b . 
Control TCR transgenic mice and chirniris r&frnsiituted with RV-neo 
or RV-gp transduced TCR transgenic bene marrow are shown. B, 
LCMV-gp-specific proliferation is absent in chimeric mice reconsti- 
tuted with TCR transgenic bone marrow transduced with RV-gp. 
Spleen cells from TCR transgenic mice Or TCR bone marrow chimeric 
mice transduced with RV-gp and RV/-m16 we* examined for a primary 
proliferative response to LCMV by cocottMtton with LCMV-lnfected 
or uninfected peritoneal macrophages* SO from triplicate samples was 
<1 5% of mean, Chimeric animals were generated as described and 
tested 10 to 1 2 wk after reconstltutlon. Data are representative of an* 
imals from 4 to 6 independent experiments. 

of disease. Strategies that have been used involve transplanting the 
affected organ in the thymus to Induce central tolerance (34, 35) or 
toleriring autoreactive T celts by exposure to high amounts of the 
target self peptide or autoantigen In neonatal or adult mice (36-41 ). 
Vaccination against the autoantigen (42) or the agent that induces 
autoimmunity (37) have also reduced the incidence of autoimmunity 
in treated animals. 

Other approaches to control autoimmunity have been based on 
the observation that the disease may be mediated by T cells that 
use a predominant TCR variable (V) region (4. 43-46). This find- 
ing has lead to therapies that control disease by using mAbs spe- 
cific for the predominant TCR V region* (47), or treatment with 
peptides specific for a specific V region or autoreactive T cell lines 
to induce controlling cell populatlona (39. 48-52). However, these 
therapies are dependent on the presence of autoreactive T cell pop- 
ulations that utilize a predominant V region, which may not always 
exist (53-55). 




525 bp 



FIGURE 4. Retroviral DNA Is detectable In RV-gp chimeric animals* 
DNA from various tissues was amplified by PCR using neomyelrvspe- 
cific primers, and analyzed by Southern blot with a neomycln-speciflc 
probe. Positive control Is tall DNA from a gene-deficient mouse that 
has two copies of the neomycin gene, and negative control is tail DNA 
from a C57BI/6 mouse. Similar findings have been shown for several 
chimeric mice generated using either RV-neo or RV-gp. 



50 




2 4 6 8 10 12 14 16 
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FIGURE 5. Hyperglycemia does not occur in bone marrow chimeric 
animals expressing RV-gp. RIP-gp transgenic mice were used as con- 
trols (squares) or bone marrow chimeras RIP-gp(RV-neo) (circles) or 
RIP-gp (RV-gp) (triangles) were Infected with LCMV. RiP-gp (RV-gp) 
chimeras were monitored for 40 days, and hyperglycemia was not 
detected. Chimeric animals were generated as described and assayed 
after 3 to 5 mo. 



Table I. Autoimmunity does not occur in transgenic mice toterlred 
with RV-gp 



Mice 


N 


HvperRlytemla'* 


Day of Ofrtet 


RIP-gp 


6 


6 


9 


RIP-gp (RV-neo) 


6 


6 


9 


RIP-gp (RV-gp) 


14 


0 





** All hyperglycemic mice reached nonfatflng glucose levels of a minimum of 
20 mM. 



In this study, we report an alternative approach by demonstrat- 
ing that bone marrow expressing a self Ag through RV transduc* 
tion can induce specific T cell tolerance and prevent autoimmunity 
in vivo. Although the target autoantigen must be defined, the ad- 
vantage of this approach is that the dominant epitopes presented by 
a given MHC type does not need to be predetermined, and the 
requirement for preferential V region usage docs not exist. Retro- 
viral-mediated gene therapy is attractive because long term T cell 
tolerance may be induced against a specific autoantigen. thereby 
leaving an essentially normal functional T cell repertoire in the 
host. One limitation is that this model is directed towards a single 
transgenic autoantigen. and the pathogenesis of disease may in- 
volve several target autoantigens. Therefore, future studies using 
this system will examine whether tolerance may be directed to- 
wards multiple autoantigens, and will establish modified protocols 
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to determine the least Inviuf ve procedure* necessary to induce cen- 
tral or peripheral tolerance. 
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ABSTRACT 

The epithelial cells of the gastrointestinal tract may be attractive targets for somatic gene therapy. In these 
studies, we have used rats and mice to explore the feasibility of gene transfer into the small intestinal epithe- 
lium using retroviral vectors. The first series of experiments was conducted in mature Sprague-Dawley rate 
using an ecotropic retroviral vector that has bacterial 0-galactosidase (0-Gal) as the reporter gene. The vec- 
tor was introduced into thife lumen of ligated segments of terminal ileum. After a 4-hr exposure period, the 
ligatures were removed* Shitti-operated animals were subjected to the same ligation procedure but received 
only tissue culture mediufti ill the ligated segment All animals were sacrificed 6 days later, and tissue froftl 
both the experimental segment and an upstream control segment was assessed for cytoplasmic 0-Gal activ- 
ity using X-Gal histochemistry. Expression of the reporter gene was observed in the crypt epithelium of tis- 
sue exposed to the vector* 111 the villus epithelium, high background staining precluded accurate assessment 
of reporter gene expression. To obviate the latter problem, we sought an alternative reporter gerie for which 
there would be no backgrobfid Staining in control animals. We repeated the experiments with /^glucuronidase 
as the reporter gene 111 MPS VII mutant mice, which are devoid of this enzyme. In these studies, ileal seg- 
ments exposed to the vector demonstrated expression of the reporter gene in both the crypt and villus ep- 
ithelium 4 days after exposure. These results indicate that genes can be transferred into the intestinal ep* 
ithelium using retroviral vectors introduced luminally. These studies constitute an encouraging first step In 
the assessment of the intestinal epithelium as a site for somatic gene therapy. 



OVERVIEW SUMMARY 

There are a number of congenital disorders of the intesti- 
nal epithelium that could be amenable to gene therapy (e.g., 
cystic fibrosis, transporter deficiencies, etc.). In addition, 
the intestine could be used MS in alternative site to correct 
metabolic disorders, such as phenylketonuria, and secretory 
disorders, such as hemophilias. This paper presents in vivo 
studies in both a rat model and a mouse model using retro- 
viral vectors delivered into the Intestinal lumen. The results 
show successful gene transfer Into epithelial cells and thus 
pave the way for future experiments designed to Improve 
the efficiency of this process. 



INTRODUCTION 

The intestinal epithelium is a continuously renewing 
monolayer that occupies the interface between the internal 
and external milieu. Its role in digestion and absorption is fa- 
cilitated by its extremely large surface area, which results pri- 
marily from the presence of villi. Villus epithelial cells are re- 
placed every 2-3 days with cells emerging from the crypts of 
Lieberktihn. Each villus is fed by 10 or more crypts (Komuro 
and Hashimoto, 1990), each of which has a zone of stem cells 
toward its base (Cheng and Leblond, 1974). Kinetic analysis 
following labeling with [ 3 H]thymidine has led to the prediction 
that there are between 4 and 16 stem cells per crypt (Potten and 
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Loeffler, 1987). Daughters of the crypt stem cells enter a transit 
zone where they divide approximately four times before leaving 
the proliferative cycle (Potten and Loeffler, 1987). They then 
move onto the villi where they acquire various differentiated 
functions (Gordon, 1989). The large surface area of the epithe- 
lium, together with its ease of access via the intestinal lumen, 
makes it an attractive potential site for somatic gene therapy. 

Gene transfer into the intestinal epithelium would have two 
general applications in the field of gene therapy: (i) the cor- 
rection of genetic and acquired disorders thai affect the epithe- 
lium, and (ii) as an alternative site of expression of proteins 
normally expressed in some other tissue, the intestinal de- 
rangements associated with cystic fibrosis (Cfc) would be a good 
example for the first application. Three of the four published 
mouse models for CF (Colledge et dL t 19W; Dorih et aL, 1992; 
Snouwaert et aL, 1992; O'Neal et aL, 1993!) hive severe pathol- 
ogy of the intestine that leads to Intestinal Obstruction followed 
shortly by death. Although other genetic disorders of the in- 
testinal epithelium are relatively rare, the epithelium may be 
used as an ectopic site for correction of various rhetabolic dis- 
orders and deficiencies of secreted proteins* Inasmuch as liver 
and intestine share numerous rhetabolic pathways* Jones et aL 
(1990) have suggested that disorders such as deficiencies in the 
urea cycle or in phenylketonuria may be amenable to intestinal 
gene therapy. Likewise, the fact that the intestinal epithelium 
is capable of secreting a foreign protein Into the circulatory sys- 
tem (Sweetser et aL, 1988) suggests its tti£ for production of 
proteins such as specifically engineered antibodies, clotting fac- 
tors, antiproteases, and protein hormones. ( 

The advantages of the intestine as a site for somatic gene 
therapy are several fold. First is its ease of ttccess via the lu- 
menal route which, in humans, would alldW direct in vivo de- 
livery of vectors using standard endoscopic procedures. A sec- 
ond advantage is that the stem cells, which ire the logical targets 
for gene therapy, are continuously proliferating, thus allowing 
the deployment of retroviral vectors that are already approved 
for human investigation. Given that some applications of so- 
matic gene therapy, such as correction of rhetabolic disorders, 
may require substantial numbers of cells to fee expressing a crit- 
ical enzyme, a third advantage of the intestinal epithelium is its 
large mass. 

The goal of the present studies was to determine whether 
gene transfer into the intestinal epithelium could occur via lu- 
minal delivery of replication-incompetent retroviral vectors in 
rodent models. Although human application would utilize en- 
doscopic procedures, the lack of availability of such instruments 
for small rodents necessitated a surgical approach for these ex- 
ploratory studies. The vectors were introduced into ligated seg- 
ments of ileum for a 4-hr exposure period. Animals were killed 
4-7 days later and assayed for expression of the reporter gene. 
The results indicate successful gene transfer in both rats and 
mice, albeit at relatively low efficiency. 



MATERIALS AND METHODS 

Animals and chemicals 

Adult Sprague-Dawley (Crl:CD[SD]BR) male rats weighing 
150-175 grams were obtained from Charles River Laboratories 



(Portage, Ml). Male MPS VT1 mice {gusT^lgu^) from the 
B6.C-H-2 bm, /ByBir-gus mp V + mutant strain aged 1-5 months 
( 1 3-29 grams) from The Jackson Laboratory (Bar Harbor, ME) 
were used. The animals were maintained at 21 °C + TC with 
food and water ad libitum. All histochemical substrates were 
from Sigma Chemical (St. Louis, MO). 

Retroviral vectors 

Zen + 0-Gal (courtesy of Dr. Philippe Soriano) is a recombi- 
nant derivative of Moloney murine leukemia virus with the bac- 
terial 0-galactosidase (0-Gal) gene driven by the viral long ter- 
minal repeat (LTR). It was propagated in the ecotropic 
packaging cell line GP + E86 (Markowitz et aL, 1988) and rou- 
tinely yielded titers in the order of 2-3 X 10 5 cfu/ml. The NTK- 
0GEO construct has the rat ^-glucuronidase gene driven by the 
herpes simplex thymidine kinase promoter (Wolfe et aL, 1990). 
It was propagated in a clone of GP + E86 and concentrated us- 
ing the Centricell filtration method to yield titers of 10 7 cfu/ml. 
In all experiments, Polybrene (8 jigfaO was added to the vec- 
tor solutions immediately prior to use. 

Surgical protocols 

Both rats and mice were subjected to the same surgical pro- 
cedure. Following isoflurane anesthesia (Anaquest, Madison, 
WI), an incision was made in the lower abdomen. The first 
Peyer's patch proximal to the ileocecal junction was identified, 
and an ileal segment (1.5-3 cm) immediately rostral was gen- 
tly cleared of its chyme by flushing with phosphate-buffered 
saline (PBS). The segment was ligated with a coarse thread at 
both ends, and an appropriate volume (1.5 ml for rats, 0.5 ml 
for mice) of the respective retroviral vector (experimental) or 
culture medium (sham) was then introduced via a 25-gauge nee- 
dle. With these volumes, the segments were distended suffi- 
ciently to expose the intestinal crypts (Sandberg et aL, 1994). 
The animals were allowed to recover from this initial surgery, 
then 4 hr later they were reanesthetized and the coarse thread 
ligatures were removed. Fine silk ligatures were loosely an- 
chored at both ends of the experimental segment for recogni- 
tion at the time of autopsy. 

The rats tolerated the procedure very well and were in good 
health and gaining weight when sacrificed 6 days post-surgery. 
In contrast, the MPS VII mice displayed high mortality. With 
only 9 out of the 29 operated mice surviving on the fourth day 
post-surgery, these animals were sacrificed at this time rather 
than waiting for the 6-day period used for the rats. The MPS 
VII mice have a high mortality rate from their severe degener- 
ative disease (Vogler et aL, 1990; Birkenmeier et aL, 1991). Of 
the 9 surviving mice, 4 were sham-treated and 5 were vector- 
treated. 

Histochemical detections 

For both rats and mice, at the time of sacrifice the experi- 
mental segment (as defined by the marker ligatures) was re- 
moved together with a control segment taken 10 cm and 6 cm 
upstream, respectively. After flushing with 0.9% NaCl to re- 
move luminal contents, the segments were frozen in OCT 
(Miles, Elkhart, IN) for subsequent cryostat sectioning and his- 
tochemical analyses. Frozen sections (8-10 /im) were made 
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transverse to the longitudinal axis of the ileum. Consecutive 
sections were collected at varying intervals along the length of 
the respective segments t be inalyred. In the rot tissues, 0- 
Gal was detected histochemically using the chromagen X-Gal 
as a substrate under standard conditions. A section of transgenic 
mouse liver expressing bacterial 0-Gal (courtesy of Dr. Savio 
Woo) was run with each set as a positive control. In the MPS 
VII mouse tissues, /^-glucuronidase was detected using naph- 
tol-AS-BI /3-D-glucuronide and pafarosaniline hydrochloride as 
described by Birkenmeier et at. (1989). A section of nonmu- 
tant liver expressing ^-glucuronidase was run as a positive con- 
trol. In both rat and mouse studies, the sections were scored 
blindly, and positive epithelial cell* In the villus and crypt re- 
gions were counted in both upstream (control) and experimen- 
tal segments. 



RESULTS 

0-Ga/ expression in rats 

Because endogenous lactase present in the apical membrane 
of villus epithelial cells is also detected by X-Gal histochem- 
istry, observers scored as positive cells only those which con- 
tained cytoplasmic staining (the expected location of the bac- 
terial 0-Gal reporter gene). The number of rats exhibiting 
positive /3-Gal scores from this procedure is shown in Table 
1 A. It can be seen that in the experimental segment, all animals 
displayed positive ceils in the crypt epithelium, and 2 out of 3 
animals had positive villus epithelial cells. None of the animals 
had positive cells in the crypts of the upstream control seg- 
ments. However, there was a high Incidence of animals having 
positive scores in the villi of contrdl tissue. 

The number of ^-Gal-positive cells observed in the experi- 
mental and control segments of tKfc above rats are presented in 
Table IB. In the crypts* where background staining was not 
seen in control tissue, experimental segments displayed 2-1 1 
positive epithelial cells in the four sections examined. Figure 1 
shows an example of the histology. Although sectioning was 
performed transverse to the long axis of the intestine, crypts 
and villi were cut transversely at times. The upstream control 
section in Fig. 1A shows crypts in complete cross section, 
whereas the experimental section (Fig. IB) is somewhat at an 
angle. Note that control tissue shows no blue reaction product 
whereas the experimental section {Le. t the ligated region that 
was exposed to the vector) has several cells with a distinct pos- 
itive reaction in the cytoplasm (see arrow). Because of the an- 
gle of the experimental section, positive cells were seen at three 
different levels of the crypts: The threfe crypts in the uppermost 
part of the picture (solid vertical arrows) are sectioned some- 
where near their middle, the crypt in the center of the picture 
(open arrow) is sectioned close to the base (thus, the more dense 
appearance of the epithelial cells), and the two lowest crypts 
(horizontal arrow) are sectioned right at the base (thus show- 
ing no lumen). 

In contrast to the clear results in the crypts, background 0- 
Gal staining on the villi was a serious problem. As can be seen 
in Table 1 B, the number of positive villus cells was just as high 
in upstream control tissue as in experimental tissue. Sham-op- 
erated animals (data not shown) exposed to culture medium in- 



Table I . Expression of Cytoplasmic 
0-Gal in Rat Tissues 



Crypt Villus 
epithelium epithelium 



A Pmnortion of animals Dositive 8 




2/3 


Experimental segment 


3/3 


Control segment 


0/3 


3/3 




Total 


Total 


Number of 


number 


number of 


sections 


of posi- 


positive 


examined 


tive cells 


cells 


B. Number of positive cells 






Experimental Rat #2 4 


2 


2 


segment: Rat #4 4 


5 


2 


Rat #9 4 


11 


0 


Control Rat #2 4 


0 


2 


segment: Rat #4 4 


0 


1 


Rat #9 2 


0 


3 



•Data are shown as the number of animals with one or more 
positive scores in any of the sections taken from either the ex- 
perimental segment or the upstream control segment. 



stead of the retroviral vector showed a similar number of pos- 
itive cells as in the villi of upstream segments. Because of this 
high incidence of endogenous 0-Gal in villus epithelium, an al- 
ternative animal model/reporter gene system was sought. 

^-Glucuronidase expression in MPS VII mice 

Table 2A shows that experimental segments of 2 out of 5 
mice exposed to the /^glucuronidase vector showed positive ep- 
ithelial cells in both villus and crypt regions. There were no pos- 
itive cells in the upstream control tissue of vector-treated mice 
or in any segments from sham-treated animals. Table 2B shows 
the number of positive cells observed in both crypt and villus 
epithelium. It can be seen that the incidence of positive epithe- 
lial cells is substantially higher on the villi than in the crypts. 
Of interest is the fact that in one of these mice (#24), positive 
villus cells were all localized on two to three adjacent villi. 
Examples of histology from mouse #24 are shown in Fig. 2. 
Figure 2A shows that upstream control tissue was devoid of the 
pink reaction product of the ^-glucuronidase assay. In contrast, 
the tissue from the experimental segment displayed substantial 
pink staining that could be followed through 15 adjacent sec- 
tions. Figure 2B, C t and D show examples at different intervals 
throughout this region. These sections being 8 /wn thick, it can 
be concluded that cells from that region were expressing the 0- 
glucuronidase gene over at least a 120-jtm-long segment. None 
of the sham-operated mice exposed to the culture medium in- 
stead of the retroviral vector showed any positive cells. 



DISCUSSION 

The experiments described in this paper represent an in vivo 
attempt to explore the feasibility of using the intestinal epithe- 
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Hum as a site for somatic gene therapy. Given the continual 
proliferation f this tissue, retroviral vectors were the most ap- 
propriate choice because retroviruses are known to infect di- 
viding cells and to integrate their genome into the host DNA. 
Moreover, we had previously establish6d that the mRNA for 
the ecotropic retroviral receptor is expressed in the intestinal 
mucosa and appears to be more abundaftt In proliferating ep- 
ithelial cells than in differentiated cells (Puppi and Henning, 
1995). We had also conducted studies with IEC-6 cells, a rat 
small intestinal crypt cell line, and found that these cells are 
readily transduceable by ecotropic retroviral vectors (Noel et 
al, 1994). 

The initial animal model we chose to explore was the 
Sprague-Dawley rat. Given the complex fridfphology of the in- 
testinal mucosa, the use of a reporter gene that could be de- 
tected histochemically was preferred. Thift, in the rat experi- 
ments, we used the Zen + 0-gal retroviral vector, which has 
bacterial j9-Gal as the reporter gene. All slides were scored 
blindly by two independent observers. Using this approach, ap- 
preciable numbers of false positives weft found on the villi in 
both upstream control tissue and tissue from sham-operated an- 
imals. Because the latter animals had n6t been exposed to the 
retroviral vector, we conclude that this background staining rep- 
resents endogenous 0-Gal activity, most probably lactase en 
route to the apical membrane. The fact that these background 
problems were confined to villus epithelial cells (as compared 
with crypt epithelial cells) supports this conclusion, because lac- 
tase is known to be expressed specifically on the villus (Dudley 
et a/., 1992; Duluc et a/., 1993). Although no conclusions re- 
garding expression of the reporter gene can be drawn from the 
villus data, the crypt data are not compromised. In crypt ep- 



Table 2A. Number of MPS VII Micfe Expressing 
/^-Glucuronidase in Intestinal ErtTHELiuM 



Group 


Segment 


Crypr* 


Villus' 1 


Vector-treated 


Experimental 


2/5 


2/5 




control 


0/5 


0/5 


Sham-treated 


Experimental 


: 0/4 


0/4 




control 


0/4 


0/4 



•Data shown as the number of animals with positive crypt or 
villus epithelial cells compared with the total number of ani- 
mals in that group. 



ithelial cells, the consistent finding of 0-Gal -positive cells in 
tissue exposed to the retroviral vector suggests that successful 
gene transfer had indeed occurred. 

To obviate the villus background problems in our rat/0-Gal 
studies, we sought an alternative model in which the reporter 
gene could still be detected histochemically but in which the 
background in nonexposed segments would be zero. The use 
of ^-glucuronidase as a reporter gene in MPS VII mice ap- 
peared to fulfill both of these criteria. In agreement with ear- 
lier studies of other tissues (Birkenmeier et ai f 1 99 1 ), we found 
the intestinal epithelium of adult MPS VII mice to be lacking 
^-glucuronidase as assessed by histochemistry. Just as with our 
0-Gal studies, all slides were scored in a blinded fashion. Both 
sham-operated and upstream control tissue showed no 0-glu- 
curonidase staining. In contrast, experimental segments showed 
clear evidence of reporter gene expression in both the crypt and 
villus epithelium. Although luminal contents (e.g., nutrients, 
bacteria, milk) might contain /^-glucuronidase activity, the pre- 
sent data, in which a total of 1,098 sections of control tissue 
(upstream and sham-treated) yielded no positive intestinal ep- 
ithelial cells, indicate that the positive cells in the treated ani- 
mals were expressing ^-glucuronidase activity from the vector. 

Within the intestinal crypts, there are two potential popula- 
tions of target cells for retroviral vectors, namely the stem cells 
and the transit population of dividing cells. Given that cells take 
approximately 36 hr to pass through the transit zone (Potten 
and Loeffler, 1987), the persistence of the reporter gene in the 
crypts 6 days and 4 days following gene transfer in the rats and 
mice, respectively, suggests that stem cells were transduced. 
However, definitive proof for this will require studies at longer 
time periods. 

We conclude from both the rat and mouse studies that retro- 
viral transduction of the intestinal epithelium is possible. With 
existing techniques, however, the efficiency of transduction is 
very low. For example, our best rat showed an average of ap- 
proximately three positive crypt cells per intestinal cross sec- 
tion. Given that these sections contained an average of 40 crypts 
and that each crypt averaged 50 cells in length, there were ap- 
proximately 2,000 crypt cells per section. Thus, the incidence 
of positive crypt cells in the rats was in the order of 3/2,000 or 
0.15%. Similar calculations for our best mouse gives approxi- 
mately the same incidence. Moreover, in the mouse studies, 
only 40% of experimental mice displayed transduction. Similar 
degrees of variability have been observed in other tissues fol- 



Table 2B. Number of j3-GLUCURONiDASE-PosrrivE Cells Observed in Intestinal Epithelium of MPS VII Mice 



Identification of tissues 



Mouse 



Number of 
sections 
examined 



Total number of positive cells 



Crypt 



Villus 



A. Vector-treated mice b 

Experimental segment: 

Control segment: 

B. Sham-treated mice b 

Experimental segment: 
Control segment: 



#15 
#24 



47 
72 
486 

293 
319 



2 
5 
0 

0 
0 



9 

80 
0 

0 
0 



b Data for positive tissue are shown for individual mice; those for control tissue are shown collectively. 
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Fir t Histochemical assays for fl-Oal in crypt region of upstream control tissue (A) and experimental tissue (B). Experimental 
Ssu'e had ^pSHe 2££ga. nS>viral vector 6 days prior to sacrifice. The two sections shown were taken from 

the same animal. Magnification, 400X. 



lowing exposure to retroviral vectors (Hatzoglou et aL, 1990; 
Clapp et aL, 1991; Kay et aL, 1992). Generic causes of such 
variability include lability of the vectors and the relatively small 
proportion of the cell cycle during which exposure must occur 
(Miller et aL, 1990). In our experiments, other contributors to 
the variability and low efficiency of gene transfer could have 
been inadequate numbers of vector particles and poor penetra- 



tion of intestinal crypts. Although experimental segments were 
distended to open the crypts as described by Harris et aL (1988), 
in these experiments there was no attempt to remove mucus. 
Subsequent studies in our laboratory have established condi- 
tions for in vivo mucus removal (Sandberg et aL, 1994) that 
should be employed in future studies of gene transfer into this 
tissue. 









B 




V:::. 



D 



FIG 2. Histochemical assay for fl-glucuroiudase in upstream control (A) and experimental (B. C D) tissues from an MPS W 
m EnSSd tissue was expired to the NTK-0GEO retroviral vector 4 days before sacrifice. The sections shown were 
taken from the same animal (#24). Magnification, (A) 100X; (B, C, D) 200X. 
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In summary, we have demonstrated the feasibility of in vivo 
gene transfer into the intestinal epithelium using retroviral vec- 
tors. Clearly, there are problems to be overcome to achieve 
high-efficiency gene transfer as well as to decrease the vari- 
ability between animals. Nevertheless, the potential advantages 
of the intestine as a site of somatic gene therapy indicate that 
further studies with this system should constitute a promising 
avenue of fiiture research. With a view to ultimate clinical ap- 
plication, it is important to keep in mind that, although our stud- 
ies with rodents used a surgical approach, in the human, lumi- 
nal delivery of vectors to both the small arid large intestine is 
conceivable via upper and lower endoscopic procedures, re- 
spectively. This is an approach that we art presently investi- 
gating in the large intestine of rats. Even if efficiencies of trans- 
duction remain relatively low, the ease of endoscopic delivery 
would allow multiple deliveries of vector to be performed, if 
necessary. Likewise, if the stem cell population proves difficult 
to transduce, repeated deliveries aimed at the transit cell pop- 
ulation may also have therapeutic value. 
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